Coronavirus infection delays the development of the cortico-medullary (CM) capillary network which results in retarded development of bursal follicles. The smaller size of the medulla in the coronavirus-infected birds may lead to a lower number of B lymphocytes and bursal secretory dendritic cells, which negatively affects the reactivity and efficacy of the immune system. Contrary to the wild-type infectious bronchitis virus (IBV) strain, infection induced by H120 vaccine virus exerts only a moderate influence on caveolin-1 expression of the CM capillary web and on follicular development compared to the untreated controls.
The rudiment of the bursal follicles (medullary part of the follicle) emerges during embryonic days 11-14. The bursal epithelium produces 12-15 plicae, and in the centre of each plica there is a middle plical vessel (MPV). Small interfollicular arterioles from the MPV give offshoots to the developing follicles (Schoenwolf et al., 1981) which give rise to cortico-medullary (CM) capillaries (Abbate et al., 2007) . During the development of the epithelial bud, the CM capillaries form a chalice-like capillary web at the CM border. The development and role of the bursal follicles depend on the state of the CM capillary network, which distributes oxygen, nutritive materials, hormones and signalling molecules to tissues and also collects metabolic waste products. It is a dynamic organ, which is able to react and adapt rapidly to internal and external demands. The physiological importance of capillaries is well known as most of the exchange of water and respiratory gases takes place through the capillary wall via transcytosis in the endothelial cells (van Deurs et al., 2003; Navarro et al., 2004) . Transcytosis is based on the caveola, which is a flask-like invagination of the cell membrane (Pelkmans et al., 2001) . Caveolin-1 (Cav-1), an integral membrane protein, is associated with cholesterol in 1 to 1 ratio. Recently it has been published that Cav-1 and cholesterol are expressed in the interfollicular epithelial cells and in the CM capillary web (Bódi et al., 2018) .
Coronavirus (infectious bronchitis virus, IBV) infection mainly causes upper respiratory disease in chickens (King and Cavanagh, 1991; Farsang et al., 2002) , but the virus can also replicate in other non-respiratory epithelial cells (Dhinakar Raj and Jones, 1996; Benyeda et al., 2009 ). Information about the effect of coronavirus infection on the lymphoid organs of chicken is very limited as the research on IBV has been focused on the main clinically affected organs such as the respiratory tract, the kidney and the genital organs. Bursal growth is very fast during the post-hatch period, which requires a continuous re-shaping of the CM capillary network. In this work we investigated the effect of IBV infection using virulent IBV field isolates and H120, a common Massachusetts-type vaccine strain (de Wit et al., 2011) on the development of bursal follicles, which might also have immunological implications.
Materials and methods

Birds
One-day-old specific pathogen free (SPF) White Leghorn chickens (Gallus gallus) were obtained from Prophyl Ltd. (Mohács, Hungary) and placed in an isolator (Montair HM 1500, Koenenberg, The Netherlands). Feed and drinking water were provided ad libitum. All studies were conducted according to Directive 2010/63/EU and the Hungarian national regulations about animal welfare and ethics [Act 1988/XXVIII modified by Act 2011/CLVIII and Conduct of Animal Trials (Government Regulation 40/2010)]. The National Food Chain Safety Office is authorised by the Pest County Government Office to perform animal tests for experimental purposes. Three test groups (containing 12 birds each) were formed, together with two untreated control groups for monitoring the development of the cortico-medullary capillary network. The control groups consisted of 20-day-old embryos as well as 1-and 8-day-old birds. Ten one-day-old birds were oronasally infected with 0.05 ml of QX strain isolate and the H120 vaccine strain. The same volume of phosphate-buffered saline (PBS) was applied oronasally to the control birds (n = 10).
Acta Veterinaria Hungarica 66, 2018
Virus isolates
Two field isolates (strains 11518 and 11638) and a vaccine strain (H120) of IBV were used for the treated groups. The isolates proved to be QX strains based on genetic analysis of the whole S1 gene (Kiss et al., 2015) . IBV field isolates were provided by the Veterinary Diagnostic Directorate of the National Food Chain Safety Office, while the vaccine strain originated from the veterinary vaccine bank of the Directorate of Veterinary Medicinal Products. Virus titres were determined by egg titration of all IBV isolates and H120. Briefly, serial dilutions of each examined infectious material were prepared. A 0.1-ml volume of diluted virus was inoculated in the allantoic cavity of 9-day-old embryonated eggs. Eight embryonated eggs per dilution were used. The titres were as follows: 10 6.77 EID 50 /0.1 ml (strain 11518), 10 2.7 EID 50 /0.1 ml (strain 11638), and 10 6.36
EID 5 0/0.1 ml (strain H120).
Immunohistochemistry
Tissue samples of the bursa of Fabricius were embedded in liver and frozen in liquid nitrogen. Briefly, liver embedding began with labelling an approximately 1.5 × 1.5 cm 2 piece of cardboard with the necessary information. After labelling, the other side of the cardboard was covered with a flat piece of liver cut from the same experimental bird. The tissue samples were placed on the liver and covered by the rest of the liver to protect the samples from sudden cold.
Before starting the experiment, a thermo-flask (about one litre in volume) was filled with liquid nitrogen, and a piece of polystyrene foam (1 cm thick and 8-10 cm in diameter) was placed on the surface of the liquid nitrogen. The floating polystyrene foam cooled down in a few minutes. The liver-embedded tissue samples attached to the cardboard were placed onto the floating polystyrene foam. When the blocks became frozen (the colour of the liver changed) and tilted the polystyrene, the block slid into the liquid nitrogen. The blocks were then put in a capped tube, which was stored at -80 °C until cryostat sectioning.
The 10-µm cryostat sections were fixed in cold acetone for 15 min and rehydrated in PBS. To detect caveolin expression, the sections were incubated with primary antibody (Polyclonal Rabbit Anti-Caveolin, BD Transduction Laboratories) at room temperature for 45 min. After washing with PBS, isotype-specific biotinylated secondary antibodies were applied. The endogenous peroxidase reaction was blocked with 3% H 2 O 2 for 10 min. An ABC kit was used to visualise the signals of primary antibodies. The binding sites of primary antibodies were detected with 4-chloro-naphthol. For negative control staining, the primary or secondary antibodies were replaced with PBS.
Acta Veterinaria Hungarica 66, 2018 Fig. 1 . Twenty-day-old chicken embryo. The bursal lumen between the plicae is very narrow (arrow). In the axis of the place the middle plical vessel cannot be distinguished from the fibroblasts expressing caveolin-1 (Cav-1; arrowhead). Higher magnification of follicle shows the budding of cortico-medullary (CM) capillary (inset). Fig. 2 . One-day-old control chick. The bursal lumen is 'opened' (arrow). The interfollicular arterioles in the connective tissue are heavily stained with anti-caveolin-1 antibody. Scattered Cav-1-positive cells are found in the interfollicular epithelium (IFE). Fig. 3 . Eight-day-old control chick. The bursal lumen between the plicae is wide (arrow), the CM capillary web is well developed and the CM border (C, M) is clearly outlined. Numerous Cav-1-positive cells occur in the interfollicular epithelium (IFE). The magnification is identical in Figs 3, 4 , 5 and 6, and thus the actual size of the follicles can be visually scaled and compared. Fig. 4 . Eight-day-old chick infected with vaccine virus (H120 strain). The development of the CM capillary web is variable and coincides with the size of the follicle. Fig. 5 . Eight-day-old chick infected with virulent field isolate of coronavirus (strain 11518). The bursal lumen is still narrow (arrow). The CM capillary web has started to develop. Fig. 6 . Eightday-old chick infected with coronavirus (strain 11638). The CM capillary network is more developed than in the group infected with strain 11518, but the size of the follicles is comparable to that in group 11518. 
Histology
The tissue samples were cut into small pieces (approximately 1 µm 3 ) fixed in 4% glutaraldehyde overnight. After washing with PBS, the samples were postfixed in 1% osmium tetroxide, dehydrated in graded ethanol and embedded in Araldite epoxy resin. One µm thick, semi-thin sections were stained with toluidine blue and pictures were taken with a Zeiss Axiophot microscope.
Results and discussion
In the 20-day-old embryos the MPV and the interfollicular arterioles had already developed, and in a few follicles the rudiment of the CM capillary web could be observed as a kind of outgrowth of interfollicular arterioles ( Fig. 1 and  inset) . This finding underlines the angiogenesis of CM capillary network formation instead of de novo formation (vasculogenesis) (Schoenwolf et al., 1981; Pardanaud et al., 1989) . The angiogenesis is characteristic of blood vessel formation in the somatic pleura, which seems to support the ectodermal origin of 7 8
the bursal rudiment (Nagy and Oláh, 2010) . The CM capillary web sprouting off from the interfollicular arterioles precedes the development of the cortex (Fig. 2) . The bursal lumen between the plicae is very narrow at this age but Cav-1 is already expressed in a few interfollicular epithelial (IFE) cells (Fig. 1) .
In one-day-old birds the Cav-1 expression is highly elevated in the interfollicular arterioles (Fig. 2) , from which the sprouting of the CM capillary web emerged in a few follicles (Fig. 2) . The IFE became higher and the bursal lumen 'opened' between the plicae. By day 8 the Cav-1 expression in the CM capillary web clearly outlined the CM border and the area between the CM capillary web and the interfollicular connective tissue, indicating the formation of the follicular cortex. This observation suggests that the formation of the cortex and the CM capillary web develop in parallel, but possibly the sprouting of the CM capillary web precedes the establishment of the cortex. The number of Cav-1-positive IFE cells greatly increased during the first week of life (Fig. 3) , indicating that the IFE cells participate in cholesterol homeostasis in the early life of chickens (Bódi et al., 2018) .
The developmental status of the CM capillary web and the size of the follicles are affected by IBV infection. Variation in the development of the CM capillary web and the size of follicles depend on the virulence of IBV strains. In birds treated with the H120 vaccine strain (Fig. 3 ) the bursal follicles are larger and the CM capillary web is also more developed than in birds infected by wildtype virus (Figs 4, 5 and 6) . Interestingly, Cav-1 expression in the budding arterioles and the interfollicular epithelial cells seemed to be unaffected by coronavirus infection, but the bursal lumen between the plicae remained narrow in chicks infected by virulent and vaccine viruses (Figs 5-6 ). The follicle-associated epithelium (FAE) did not show histological differences between the control and the infected birds (Figs 7 and 8) . However, a decreased number of cells was revealed both in the cortical and the medullary regions of the follicles. In addition to this finding, the medullary region of the follicles in the birds infected with virulent field isolate showed some cellular disintegration (Fig. 8) , which may influence the cell migration between the medulla and the cortex.
The negative effects of virulent IBV infection on bursal development and in a broader context on the immune system of the birds might result in elevated susceptibility of young chickens to coronavirus infection after hatching. This is in accordance with the finding that the adaptive immune function develops during the first three weeks of life, and therefore the young chicks are more susceptible than chickens of more advanced ages (de Wit, 2000) . In this paper we report that the CM capillary web develops rapidly during the first week of life, preceding the formation of the cortex. Early coronavirus infection retarded the budding (angiogenesis) of interfollicular arterioles, which subsequently resulted in the underdevelopment of follicles. Smaller follicles obviously have a limited number of B cells, which demands fewer bursal secretory dendritic cells (BSDC) for providing a healthy microenvironment. It can be assumed that the lower number of B cells and BSDC also contributes to the higher virus susceptibility of young chickens.
IBV infection still remains a significant animal health issue in spite of intensive vaccination programmes (Gelb et al., 1991; Jia et al., 1995; Farsang et al., 2002; Zanella et al., 2003; Ignjatovic et al., 2006; Liu et al., 2009; Mase et al., 2010; Kiss et al., 2015) . Although the pathogenesis of IBV infection, especially with regard to the upper respiratory tract, has been thoroughly studied (Dhinakar-Raj and Jones, 1997), much less attention was paid to the effects of IBV on the lymphoid organs. The aim of our study was to fill this gap and complement our knowledge on how IBV affects the development of bursal follicles. The potential immunological implications need further studies, which could lead to more efficient vaccines and more precisely designed vaccination programmes.
